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S h u t t l e  f l i g h t  test d a t a  have been used to  de te rmine  v a l u e s  f o r  t h e  
s h o r t - p e r i o d  pa rame te r s .  The b e s t  i d e n t i f i e d ,  as judged  by its e s t i m a t e d  s t a n d a r d  
d e v i a t i o n , w a s  t h e  e l e v o n  e f f e c t i v e n e s s  parameter  C, 6e. 

a b o u t  t h e  p r e f l i g h t  p r e d i c t i o n  of Gse was large. 

s u g g e s t e d  t h a t  add ing  n o n l i n e a r  terms t o  t h e  ma themat i ca l  model used t o  i d e n t i f y  

GS e 

However, t h e  scatter 

Othe r  i n v e s t i g a t o r s  have 

cou ld  r educe  t h e  scat ter  . 
The r e s u l t s  of t h i s  i n v e s t i g a t i o n  show t h a t  C,,,6e2 is t h e  o n l y  i d e n t i f i a b l e  

n o n l i n e a r  pa rame te r  a p p l i c a b l e  and t h a t  t h e  changes  i n  kse v a l u e s  when 

'm6 e2 
is i nc luded  are i n  t h e  o r d e r  of t e n  p e r c e n t  f o r  t h e  d a t a  e s t i m a t e d .  

INTROIXJCTION 

The l o n g i t u d i n a l  pa rame te r s  t h a t  d e s c r i b e  up t o  90 p e r c e n t  of t h e  s h o r t - p e r i o d  
motion of t h e  s h u t t l e  v e h i c l e  have been de termined  u s i n g  f l i g h t  test d a t a .  These 
p a r a m e t e r s  are shown p l o t t e d  v e r s u s  Mach number i n  f i g u r e  1 t aken  from r e f e r e n c e  1. 
Of t h e  pa rame te r s  shown, he has the smallest s t a n d a r d  d e v i a t i o n s  and t h e  

l a r g e s t  s e n s i t i v i t i e s ,  and i t  was cons idered  t h e  parameter  b e s t  i d e n t i f i e d .  The 
t r e n d s  of t h e  pa rame te r  w i th  Mach number matched those  of t h e  p r e f l i g h t  p r e d i c t i o n s ;  
however ,  t h e  scat ter  of t h e  v a l u e s  e x t r a c t e d  w a s  l a r g e  and reduced t h e  conf idence  in 
t h e  a c t u a l  v a l u e s  de te rmined .  

I n v e s t i g a t o r s  a t  Johnson Space Center  have found t h a t  by u s i n g  a n o n l i n e a r  
model and i n c l u d i n g  t h e  term Gee,, t h e  i d e n t i f i a b i l i t y  of Gse was 

improved,  and i t s  v a l u e  was c l o s e  t o  t h a t  of t h e  p r e f l i g h t  p r e d i c t i o n s .  The purpose 
of t h i s  paper  is t o  use  S h u t t l e  Discovery f l i g h t  test d a t a  t o  de t e rmine  t h e  
i d e n t i f i a b i l i t y  of t he  C,,,&.2 parameter ,  t o  check t h e  p o s s i b i l i t y  of i n c l u d i n g  

o t h e r  n o n l i n e a r  terms i n  t h e  m o d e l ,  and t o  compare t h e  v a l u e s  of Gse determined  

u s i n g  t h e  l i n e a r  and n o n l i n e a r  e x t r a c t i o n  models. 
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moment of i n e r t i a  abou t  X ,  Y ,  and Z body axes, 
r e s p e c t  i v e  1 y , @-m2 ( s lug-f t 2  ) 

produc t  of i n e r t i a ,  kg-m2 ( s l u g - f t 2 )  

p i t c h i n g  moments, N-m ( f t - l b )  

mass, kg ( s l u g s )  

ra te  of r o l l ,  p i t c h  and yaw, r a d / s e c  o r  d e g r e e s / s e c  

dynamic p r e s s u r e ,  N/m2 ( s l u g / f t 2 )  

wing area, m2 ( f t 2 )  

v e l o c i t y  a l o n g  X ,  Y, and Z body axes, r e s p e c t i v e l y ,  m/sec 
( f t / s e c )  

a i r p l a n e  t o t a l  v e l o c i t y ,  m/sec ( f t / s e c )  

a n g l e  of a t t a c k ,  rad or d e g r e e s  

e l e v a t o r ,  d e f l e c t i o n ,  r ad  o r  d e g r e e s  

p i t c h  a n g l e ,  r o l l  a n g l e ,  rad o r  d e g r e e s  

a i r  d e n s i t y ,  kg/m3 ( s l u g / f t 3 )  

S t a h i l i t y  and c o n t r o l  d e r i v a t i v e s  r e f e r e n c e d  t o  a sys tem of body axes w i t h  t h e  
o r i g i n  a t  the a i r p l a n e  c e n t e r  of g r a v i t y :  

ac ac ac ac 
aa c = m  c = A  c = -  m c =x 

6e a6e  ‘ a  m m aa m a% U 
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a& 2v e 

ac ac 

e m6e2 as a 6  
c = -  2 cz = - - a cz cz - - - a cz 

cz -aa 6e  a 

ac ac 

A d o t  o v e r  a symbol s i g n i f i e s  a d e r i v a t i v e  wi th  r e s p e c t  t o  t i m e .  

MODEL VERIFICATION 

I n  o r d e r  to v e r i f y  t h a t  t h e  assumed n o n l i n e a r  model b e s t  d e s c r i b e s  t h e  v e h i c l e  
motion s e v e r a l  q u e s t i o n s  m u s t  be answered: 
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1. 

2. 

3. 

4. 

5. 

Is GU6. i d e n t i f i a b l e ?  

Does t h e  a d d i t i o n  of C,,,6e2 improve t h e  i d e n t i f i a b i l i t y  of t h e  o t h e r  

p a r a m e t e r s  i n  t h e  model,  e s p e c i a l l y  h6.? 

Is C,,,6e2 t h e  best p a r a m e t e r  for an e x t e n s i o n  of t h e  mathemat ica l  model w i t h  

l i nea r  aerodynamic p a r a m e t e r s ?  

Do t h e  n o n l i n e a r  terms added make sense p h y s i c a l l y ?  

Does t h e  n o n l i n e a r  aerodynamic model have bet ter  p r e d i c t i o n  c a p a b i l i t i e s  t h a n  
the l inear  one? 

I n  t h e  d i s c u s s i o n  t h a t  follows t h e s e  q u e s t i o n s  w i l l  be answered. 

EQUATIONS 

The e q u a t i o n s  used i n  t h i s  s t u d y  are s t a n d a r d  e q u a t i o n s  used to  d e s c r i b e  t h e  
l o n g i t u d i n a l  motion of a v e h i c l e  i n  t h e  atmosphere.  For  t h i s  s t u d y ,  t h e  aerodynamic  
model e q u a t i o n s  are made n o n l i n e a r  by t h e  a d d i t i o n  of terms such  as C, 

‘ma 6 e 
s u c h  as r e f e r e n c e  2 and are r e p e a t e d  h e r e  f o r  convenience.  

26e2,  6e  
a 6 e  o r  cma2a2. The basic e q u a t i o n s  can be found i n  many r e f e r e n c e s  

2 
0 

1 p v  s + c ( a  - a t )  + cZ - ) ] w = -pv + qu + gcose cos4 + -- 2 m  

( a  - a t>  + cm 
IY IY Y a 9 
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32 
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O a  2 1  

DISCUSSION 

L o n g i t u d i n a l  maneuvers from the f i r s t  two S h u t t l e  Discovery  f l i g h t s  were 
examined u s i n g  a maximum l i k e l i h o o d  parameter e x t r a c t i o n  a l g o r i t h m  ( r e f .  3 ) .  
T h i r t e e n  r u n s  were s e l e c t e d  c o v e r i n g  a Mach number range from 22 t o  1. The r e s u l t s  
of p r o c e s s i n g  t h e s e  d a t a  f o r  s e v e r a l  assumed mathemat ica l  models are shown as f i g u r e  
2. 

shown i n  T a b l e  1. 

e f f e c t  on t h e  v a l u e s  de te rmined  fo r  t h e  o t h e r  p a r a m e t e r s  a t  t h e  hFghes t  Mach 

numbers. The p a r a m e t e r  had t h e  g r e a t e s t  v a r i a t i o n s  when Cm6e2 was added 

t o  t h e  mathemat ica l  model. The parameter  a l s o  showed some change when 

‘WS e2 
p e r c e n t  or less. 

The v a l u e s  de te rmined  f o r  C,,,&.2 and Gse a t  v a r i o u s  Mach numbers are 

The a d d i t i o n  of  t h e  C q e 2  term seemed t o  have t h e  g r e a t e s t  

w a s  added to  t h e  model, but  below Mach 1 5 ,  t h i s  change w a s  g e n e r a l l y  10 
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The q u e s t i o n  of i d e n t i f i a b i l i t y  can  be d i s c u s s e d  by c o n s i d e r i n g  T a b l e  11. The 
v a l u e s  of s e n s i t i v i t y  and s t a n d a r d  d e v i a t i o n  g i v e n  are t y p i c a l  of  t h e  v a l u e s  s e e n  
f o r  a l l  t h i r t e e n  r u n s  and are a r e a s o n a b l e  b a s i s  f o r  t h e  d i s c u s s i o n  of i d e n t i f i a b i l -  
i t y .  The s e n s i t i v i t y  r e f e r r e d  t o  is t h e  v a r i a t i o n  i n  t h e  o u t p u t  s ta tes  w i t h  r e s p e c t  
t o  a p e r t u r b a t i o n  in a s p e c i f i e d  p a r a m e t e r  assuming t h e  o t h e r  p a r a m e t e r s  are f i x e d .  
The greater t h e  s e n s i t i v i t y  t h e  more i d e n t i f i a b l e  t h e  parameter .  An e x a m i n a t i o n  of  
t h e  s e n s i t i v i t i e s  i m p l i e s  t h e  k d e 2  is less i d e n t i f i a b l e  t h a n  hse, as 

i d e n t i f i a b l e  as C%, and more i d e n t i f i a b l e  t h a n  Cz,. The e s t i m a t e d  s t a n d a r d  

d e v i a t i o n s  i n d i c a t e  t h a t  t h e  v a l u e s  f o r  C q e 2  were w e l l  de te rmined  s i n c e  t h e  

e s t i m a t e d  s t a n d a r d  d e v i a t i o n  was less t h a n  one- ten th  of t h e  e x t r a c t e d  v a l u e .  Rased 

on t h i s  assessment ,  Cmse2 w a s  c o n s i d e r e d  i d e n t i f i a b l e .  

of h 6 e 2  r e s u l t e d  in hse v a r i a t i o n s  of  about  10 p e r c e n t .  

I n  g e n e r a l ,  t h e  a d d i t i o n  

The a d d i t i o n  of %e2 t o  t h e  model appeared  to  improve t h e  i d e n t i f i a b i l i t y  

The s e n s i t i v i t i e s  i n c r e a s e d ,  and t h e  e s t i m a t e d  s t a n d a r d  d e v i a t i o n s  as o f  Gse. 
a p e r c e n t  of t h e  e x t r a c t e d  parameter  d i d  n o t  d e g r a d e ,  imply ing  a n  improved i d e n t i f i -  
a b i l i t y  of ke. Also ,  t h e  change i n  t h e  v a l u e s  de te rmined  f o r  C, 
g e n e r a l l y  in a d i r e c t i o n  so t h a t  t h e y  were c l o s e r  t o  t h e  p r e f l i g h t  estimates, 
a l t h o u g h  t h i s  improvement was small f o r  most runs .  

were 6 e  

S i n c e  t h e  s h u t t l e  maneuvers r e s u l t e d  in small a m p l i t u d e  r e s p o n s e s ,  t h e  v a l u e s  
of even  t h e  b e s t  de te rmined  p a r a m e t e r s  show c o n s i d e r a b l e  scatter.  I n  p a r t i c u l a r ,  in 
f i g u r e  1 Gse was w e l l  de te rmined  f o r  a l l  r u n s ,  bu t  showed s i g n i f i c a n t  run-to- 

r u n  scatter.  In t h i s  case, when a system is  p o o r l y  e x c i t e d ,  any a d d i t i o n a l  param- 
e ter  can many times improve f i t  and i d e n t i f i a b i l i t y  (see r e f .  4 ) .  To d e m o n s t r a t e  
t h a t  C,,,&.2 was the b e s t  parameter  t o  add t o  t h e  mathemat ica l  model,  s e v e r a l  

o t h e r  p a r a m e t e r s  were t r i e d  i n  t h e  model, s p e c i f i c a l l y ,  

e f f e c t  on ke of a d d i n g  hse is shown i n  f i g u r e  2 f o r  s e v e r a l  runs .  

can be s e e n ,  t h e  v a l u e  of was not s i g n i f i c a n t l y  changed when C, was 

added t o  t h e  model. Also ,  i n  t h e  c o u r s e  of  t h i s  a n a l y s i s  i t  w a s  found t h a t  
Cm,6e proved to  be much less i d e n t i f i a b l e  t h a n  CmSe2 when t h e  s e n s i t i v i t y  

and s t a n d a r d  d e v i a t i o n s  were compared f o r  t h e  same f l i g h t  d a t a  run w i t h  C, 
r e p l a c e d  i n  t h e  model by The parameter Cm 2 proved t o  be t o t a l l y  

u n i d e n t i f i a b l e  and r e s u l t e d  i n  no changes in any of t h e  parameter  v a l u e s .  The 

improvement seen  when %e2 was added t o  t h e  model i s  not an a r t i f a c t  of t h e  

d e s c r i b e s  p a r t  of t h e  v e h i c l e  motion,  as ev idenced  by t h e  i d e n t i f  i a b i l i t y  d i s c u s s e d  b 

e a r l i e r  in t h i s  sect ion.  

and Ga2. The 

A s  

a6e 

tie2 

a 

I d e n t i F i c a t i o n  procedure but  t h e  l e g i t i m a t e  r e s u l t  of adding  a term t h a t  a c t u a l l y  h 

I ,  

The n e x t  q u e s t i o n  t h a t  must be answered is whether  or not  t h e  parameter  t o  be 
added makes sense  p h y s i c a l l y .  

( s e e  Table  11). T h i s  i m p l i e s  a Cm v e r s u s  6, r e l a t i o n  as shown i n  f i g u r e  3 .  The 

r e s u l t  of t h i s  r e l a t i o n  would be t h a t  a n e g a t i v e  6 e  would r e s u l t  i n  less r e s p o n s e  
t h a n  a p o s i t i v e  6,. F i g u r e s  4 and 5 show t h a t  t h i s  is indeed t h e  case f o r  t h e  

The v a l u e s  de te rmined  f o r  &6e2 were n e g a t i v e  
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s h u t t l e  v e h i c l e .  For e l e v o n  i n p u t s  t h a t  are e s s e n t i a l l y  e q u a l  i n  magnitude b u t  
o p p o s i t e  i n  s i g n ,  t h e  f i g u r e s  show t h a t  t h e  r e s p o n s e s  are a t  least  40 p e r c e n t  
greater f o r  t h e  p o s i t i v e  6 e  i n p u t .  

F i n a l l y ,  s i n c e  C,,,6e2 is t h e  only n o n l i n e a r  term i d e n t i f i a b l e ,  is t h e  

p r e d i c t i v e  c a p a b i l i t y  of t h e  mode l  i n c l u d i n g  h b e 2  b e t t e r  t h a n  t h e  model where 

i s  not i n c l u d e d ?  F i g u r e s  6 and 7 show t h a t  u s i n g  t h e  n o n l i n e a r  model e 2  
i n c l u d i n g  Cmse2 d o e s  r e s u l t  i n  a s l i g h t l y  b e t t e r  f i t  t o  a set of r e s p o n s e s  t h a t  

were n o t  used to  d e t e r m i n e  parameter v a l u e s .  

CONCLUDING REMARKS 

The i n c l u s i o n  of k e 2  i n  t h e  mathemat ica l  model d e s c r i b i n g  t h e  

l o n g i t u d i n a l  mot ions  of t h e  s h u t t l e  v e h i c l e  w a s  e v a l u a t e d  u s i n g  f l i g h t  test  d a t a  
from t h e  Discovery  v e h i c l e .  

and  t h e  v a l u e s  de te rmined  were w e l l  d e f i n e d .  The p a r a m e t e r s  can be j u s t i f f e d  phys i -  
c a l l y  by c o n s i d e r i n g  t h e  i n c r e a s e d  responses  of t h e  v e h i c l e  t o  a p o s i t i v e  e l e v o n  
d e f l e c t i o n  when compared to  t h e  response  from a n e g a t i v e  d e f l e c t i o n .  I n c l u s i o n  of 
t h e  C, 
p r e d i c t i o n s ,  bu t  t h e  changes s e e n  were small. 

u s e d  to  p r e d i c t  t h e  r e s p o n s e  of a run n o t  used f o r  i d e n t i f i c a t i o n ,  and t h e  f i t  w a s  
s l i g h t l y  b e t t e r  w i t h  h6.2 i n  t h e  model t h e n  when CmSe2 was  not  i n c l u d e d .  

These r e s u l t s  imply t h a t  i n c o r p o r a t i n g  Cm6e2 p r o d u c e s  an improved model f o r  t h e  

i d e n t i f f c a t i o n  of t h e  l o n g i t u d i n a l  aerodynamic p a r a m e t e r s  of t h e  s h u t t l e  v e h i c l e .  

The G d e 2  parameter  w a s  found t o  be i d e n t i f i a b l e ,  

2 p a r a m e t e r  caused Cmse values t o  move closer to  t h e  p r e f l i g h t  6 e  
The model t h a t  i n c l u d e d  k s e 2  w a s  

5 
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AND C VAuTeS AT SPECIFIC Ma IWMBERS 
6 e  m 

TABLEI c 
m6e2 

Mach 

22 

18 

18 

1 1  
8 

8 

6 

5.5 

4 

4 

1.7 

I .6 

1 .o 

- cm 2 6e 

- .34 

-.35 

- .69 

-.26 

-.315 

-.32 

-.21 

-.21 

-. 13 
- .09 

-.57 

-.051 

-1.05 

6e 

-. 170 

-.176 

-.235 

-. 16 

-. 142 

-.17 

-. 117 
-. 110 

- .087 
-.087 

-. 15 
-.I7 

-.42 

m C 
- 
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TABLE I1 SENSITIVITIES AND Sl'ANJlARD DEVIATIONS FOR SELECTED !%UTTLE RUNS 
WITH Gee2 AND WITFIOUT Gee2 IN TBE EXTRACTION PgODEL 

Mach = 8 F l i g h t  Number = 19 

Value 

- 
-.027 

18 

- -96 

- -78 

-039 

- -00 1 

-.15 

-2.2 

-1.3 
-- 

i t  andard 
Ieviat  ion 

i ens i  t i v i t y  

--- 
--- 

.19E+8 

.22E+8 
--- 
--- 

.85E+4 

.528+5 
--- 

- 
Value 

- 
-.025 

-26 

- .96 

-.88 

-.38 

0.0 

-.072 

-2.2 

-. 142 

-.315 

; tandard 
Iev ia t  ion 

--- 
-- 

.0012 

015 
-- 
-- - 

.0053 
--- 

.00083 

.019 

S e n s i t i v i t y  

--- 
--- 

.19E+8 

.34E+8 
--- 
--e 

.44E+4 
--- 

.13E+6 

.6E+5 

Mach = 8 
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- .086 

- .248 

-1.03 

-4.58 

-0130 

0.0 

-.I08 

-2.2 

-1.6 
-- - 

F l i g h t  Number = 14 
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- .094 

1.7 

-1.03 

-4 -66 

-.13 

,0004 

-.13 

-2.2 

-.17 

-.32 

j t andard 
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Mach = 6 F l i g h t  Number = 19 

Value 

_II 

-.06 
-17 

-.69 

-1.17 

-.29 

0.n 

-.086 

-2.2 

-. 10 
-- 

i t  a n d a r d  
l e v i a t i o n  

Value 

- -056 

.45 

-.70 

-1 .o 
-e31 

-.033 

-2.2 

-.11 

-.21 

Standard 
Devia t ion  

-- 
--- 

.00066 

. l l  
--- 
-- 

.002 
-- 

.00036 

.011 

S e n s i t i v i t y  

--- 
--- 

.15E+9 

.98E+4 
-- 
--- 

.373+4 
--- 

.37E+6 

.15E+6 

Mach = 6 - 
Value 

-.033 

1.28 

-.715 

-4.69 

-.066 

.no04 

-.20 

-2.2 

-.095 
--- 
-- 

S e n s i t i v i t y  

--- 
--- 

.2 1 E+7 

.28E+4 
--- 
--- 

.52E+4 
--- 

.33E+5 
--- 

F l i g h t  Number = 14 -- 
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-.033 

1.26 

-.71 

-4.80 

- .06 1 

0.n 

-.11 

-2.2 

-.117 

-021 

; e n s i  t i v i  t y  

--- 
--- 

.19E+7 

.2 5E+4 
--- 
--- 

.4 1 E+4 
--- 

.10E+6 

.84E+4 
- 
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Figure 1. - Dominant longitudinal derivatives affecting the short period 
motion of the Shuttle versus Mach number (derivatives per 
degree). 

10 



- Preflight PrediCtiQnn 
0 Linear Model 
0 %be2 i n  model 7-  0 i n  model 

r -.06 I 

- 1  

C B  - 2  
ma 

Per rad.- 

- 4  

- E 
5 

P c s  

Per rad. 
ma 0 -  

- 5  

0 -10 x 10% ; ; ; 1 '5 
MACH 

c s  

Per rad 
'a 

c s  - 4  - m6e 

-12 per rad- 6e m 

Per rad.- 5 - 
- -16 3 

-.05 

-.04 

- .@3 

-. 02 . 

-.01 

;;:-j-, 
- 

c s  
'a 

Per 

1 0 ' .  
-. 08 

-. 04 
rad . 

-*02 t 

Figure 2 .  - Dominant longitudinal d e r i v a t i v e s  a f f e c t i n g  the short period 
motion of the Shuttle versus  Mach number from Discovery f l i g h t  
data and using three mathematical models. 
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Figure 3.  - c, Versus 6, curves for l i n e a r  model and non-linear model 
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